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Understanding the bulk and interfacial behaviors during the operation of batteries (e.g., Li-ion, Na-ion,

Li-O, batteries, etc.) is of great significance for the continuing improvement of the performance. Elec-
trochemical quartz crystal microbalance (EQCM) is a powerful tool to this end, as it enables in situ inves-
tigation into various phenomena, including ion insertion/deinsertion within electrodes, solid nucleation
from the electrolyte, interphasial formation/evolution and solid-liquid coordination. As such, EQCM ana-

lysis helps to decipher the underlying mechanisms both in the bulk and at the interface. This tutorial

review will present the recent progress in mechanistic studies of batteries achieved by the EQCM tech-
nology. The fundamentals and unique capability of EQCM are first discussed and compared with other
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techniques, and then the combination of EQCM with other in situ techniques is also covered. In addition,
the recent studies utilizing EQCM technologies in revealing phenomena and mechanisms of various bat-

teries are reviewed. Perspectives regarding the future application of EQCM in battery studies are given at

rsc.li/chem-soc-rev the end.

Key learning points

(1) Fundamentals of the EQCM technique, such as theory and operational principles (gravimetry and beyond), historical overview, widespread applications in

the chemistry field, etc.

(2) Unique advantages of EQCM in battery studies and typical combinations with other in situ techniques.
(3) The utilization of EQCM in recent studies on bulk phenomena and interfacial mechanisms of batteries.

(4) Perspectives regarding the application of EQCM for future battery studies.

(5) Potential applications of EQCM for the chemistry field involving (de)adsorption, corrosion/dissolution, nucleation, (de)insertion, (de)alloying, solid-liquid

coordination, etc.
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1. Introduction

Rechargeable batteries (e.g., lithium/sodium/magnesium ion
batteries, lithium-sulfur batteries, Li-O, batteries, etc.) have
become the foremost means for the storage of electric power.
Rechargeable batteries are widely used as power sources in
portable electronics (e.g., laptop computers, cell phones, smart
wearables, etc.), electric vehicles, and grid power storage.'
Energy density, power density, charge-discharge rate, cost,
cycle life, safety, and environmental impact are some para-
meters that need to be considered in the selection of battery
technology for specific applications. For instance, although
energy density is one of the most critical aspects for portable
electronics, safety, cost, and cycling stability are equally impor-
tant for electric vehicles. The cost, cycle life, and safety become
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more important than energy density for grid-energy storage.
The capability of being charged and discharged quickly is
desirable for most applications. All these performance para-
meters are largely determined by the components in the
battery, including the electrodes (cathode and anode), electro-
lyte, interface, binder, current collectors, and separator.

To pursue high-performance batteries, great efforts have
been made to select and match the right components, to
develop new materials, and to improve the fabrication
engineering." However, the electrochemical processes occur-
ring during charging-discharging of a battery are complicated
and involved phenomena in the bulk phases of the electrodes,
electrolyte and at the interface between the electrodes and the
electrolyte. The mechanisms governing these phenomena need
to be elucidated in depth to effectively enhance the perfor-
mance. Essential phenomena dictating the performance of a
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battery include: ion (de)insertion in the electrodes, nucleation
of solids derived from the electrolyte, formation/evolution of
the electrode/electrolyte interphase and solid-liquid coordina-
tion. A better knowledge on one or more of these specific
phenomena is of great significance to guide the selection of
battery components and the improvement of battery produc-
tion engineering.

In recent years, advanced characterization techniques have
greatly facilitated the studies of electrochemical phenomena
and mechanisms in batteries.® With the development of
various techniques (ie. transmission electron microscope
(TEM), atomic force microscope (AFM), X-ray absorption
spectroscopy (XAS), etc.), the structure, morphology and
chemical composition can be well investigated statically or
dynamically. Among all the emerging technqiues, electroche-
mical quartz crystal microbalance (EQCM) is a relatively cheap
and non-destructive characterization method, and it can pro-
vide in situ information on the mass change and reflect the
evolution of the structure both in the bulk and at the surface of
battery electrodes.”” In addition, the preparation of specimens
for EQCM is quite simple, and the specimen can largely
simulate the behavior of a real electrode. Thus, EQCM is a
powerful tool to study the electrochemical phenomena and
mechanisms in batteries.

In this review, we first go over the current status of common
characterization techniques and the basics of EQCM, including
the unique capability, background (e.g., the theory and princi-
ples of operation, historical overview, etc.), benefits to battery
studies, and combinations with other in situ techniques (e.g., X-
ray diffraction (XRD), AFM, differential electrochemical mass
spectrometry (DEMS), etc.). In addition, the recent works on
applying EQCM (gravimetric and beyond) for the study of
phenomena in the bulks of the electrodes and electrolyte and
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the interfacial reaction mechanisms are further reviewed. As
illustrated in Fig. 1, specifically, the bulk phenomena include
ion (de)insertion behavior in the electrodes (e.g., charge storage
mechanism, electrode structural evolutions, and electrochemi-
cal ion-exchange synthesis, etc.) and nucleation derived from
the electrolyte (e.g., ion electro-deposition on alkali metal
anodes, nucleation on metal-O, battery cathodes, etc.). The
interfacial reactions include the formation/evolution of the
solid electrolyte interphase (SEI) (e.g., on inert electrodes and
active batteries electrodes), and solid-liquid coordination.
Finally, we give our perspectives on future research and devel-
opment for utilizing EQCM for battery studies.

2. The current status of
characterization techniques

The electrochemical phenomena and mechanisms in batteries,
including those in the bulk and at the interface, have been
widely investigated by various characterization techniques.
However, there are some limitations with these commonly
applied characterization tools.

For the study of ion (de)insertion behavior in the electrodes,
nuclear magnetic resonance (NMR) and electrochemical proto-
cols such as the galvanostatic intermittent titration technique
(GITT) and potentiostatic intermittent titration technique
(PITT) are employed to measure the diffusion rates of metal
ions (Li*, Na*, Mg?**, etc.). Scanning tunnel microscopy (STM)
and AFM have been adopted to visualize the static and dynamic
surface morphology at the nano/atomic level. Several other
characterization methods have been applied to reveal the
changes in the properties of the electrode before and after

the insertion/extraction process. For example, TEM and scan-
ning electron microscopy (SEM) can reveal the change in the
morphology, and XRD as well as neutron diffraction (ND) can
analyze the structural evolution in the bulk.>® Nevertheless, the
diffusion rates of metal ions during charge-discharge are
difficult to obtain in real time by NMR, GITT, or PITT. STM
and AFM can only gain information from the surface, and the
samples for observation need to be prepared to expose a
smooth and flat surface, which are quite different from the
electrode in actual batteries. Most of the TEM, SEM, XRD, and
ND techniques lack the capability of characterization in real
time when the ions insert/extract during the charge-discharge
process. Some techniques can be modified for in situ analysis,
such as in situ AFM, in situ TEM, etc., but the sample prepara-
tion standards and measuring conditions are quite strict,
making the characterization operations complicated.

To study the nucleation of solids from the electrolyte, which
mainly involves the electrodeposition on the alkaline metal
anodes and the formation/evolution of lithium oxide in Li-O,
batteries, there are very limited reports on in situ

























































